The Structural Basis of Hammerhead Ribozyme Self-Cleavage 1991; Dahm et al., 1993), and it cleaves itself with high specificity with a typical turnover rate of about 0.1-1 per min (depending upon sequence), yielding 5Ј-OH and We are investigating the mechanism of RNA catalysis using X-ray crystallography. The previous crystal strucBoulder, Colorado 80301 tures of the hammerhead ribozyme ground state conformation (Pley et al., 1994; Scott et al., 1995 have shown the cleavage site phosphate to be in the standard Summary helical conformation, a geometry maximally incompatible (Brown et al., 1985; McKay, 1996 ; Scott and Klug, We have captured an 8.7 Å conformational change that 1996) with the known in-line attack mechanism (van Tol takes place in the cleavage site of the hammerhead et al., 1990; Koizumi and Ohtsuka, 1991; Slim and Gait, ribozyme during self-cleavage, using X-ray crystallog-1991). Therefore, it has been proposed that a conformaraphy combined with physical and chemical trapping tional change must take place prior to cleavage, allowing techniques. This rearrangement brings the hammeran in-line transition state geometry to form (Pley et al., head ribozyme from the ground state into a conforma-1994; Scott et al., 1995 McKay, 1996 ; Scott and tion that is poised to form the transition state geometry . We are continuing our crystallographic inrequired for hammerhead RNA self-cleavage. Use of vestigations with the aim of understanding the nature a 5-C-methylated ribose adjacent to the cleavage site of the conformational change required for hammerhead permits this ordinarily transient conformational change ribozyme self-cleavage. to be kinetically trapped and observed crystallographiIn previously reported experiments using crystals of cally after initiating the hammerhead ribozyme reacan unmodified hammerhead ribozyme, we tested the tion in the crystal. Cleavage of the corresponding unbiochemical relevance of the hammerhead RNA crystal modified hammerhead ribozyme in the crystal under structures by demonstrating cleavage activity in the otherwise identical conditions is faster than in solucrystal (on the order of 0.5/min). We also obtained crystal tion, indicating that we have indeed trapped a catalytistructures of two states of the uncleaved hammerhead cally relevant intermediate form of this RNA enzyme.
. The Cleavage Site Modification and Sequence of the Crystallized Hammerhead Ribozyme (a) The kinetic bottleneck modification adjacent to the cleavage site. Schematic diagram of the C-17-A-1.1 ribonucleotide backbone depicting the tallo-5Ј-C-methyl-modified-ribose at the cleavage site in red. This methyl group, added adjacent to the 5Ј-oxygen leaving group of the reaction, creates a kinetic bottleneck at the scissile bond-cleavage stage of the hammerhead RNA cleavage reaction. (b) The three-dimensional structure of the hammerhead ribozyme. The sequence of the hammerhead RNA used in this study and a threedimensional schematic representation of its structure (Scott et al., 1995) , showing the approximate spatial disposition of the bases in the orientation corresponding to Figures 3 and 5. This ribozyme construct employs a 16-nucleotide enzyme strand (green) and a 25-nucleotide substrate strand (blue and red). The letters outlined are absolutely or highly conserved bases in all hammerhead RNAs. The arrow denotes the self-cleavage site. The cleavage site nucleotide (C-17) and the adjacent nucleotide (A-1.1) of the substrate strand that are shown in Figure  1a are highlighted in red. The helices are labeled stem I, stem II, and stem III.
sequence but with a tallo-5Ј-C-methyl-ribose modificaconditions at pH 8.5. This 300-fold slower cleavage rate in the crystal suggests that the use of this modified tion ( Figure 1 ) designed to interfere with the final chemical step of the reaction, we have created a ribozyme that ribozyme will allow reaction intermediates that occur has an unaltered attacking nucleophile, but a modified leaving group that inhibits the actual cleavage event (Beigelman et al., 1995; L. B., unpublished data) . The additional methyl group stabilizes the ordinarily scissile bond between the cleavage site phosphorus atom and the adjacent 5Ј-oxygen, presumably by altering the steric or electronic properties of this leaving group. We have employed this modified hammerhead RNA to capture a later conformational intermediate that is poised to form an in-line transition state. This structure provides us with a clearer and more detailed picture of how the hammerhead ribozyme works. 
Results

Bond Cleavage
Procedures (top trace) and no detectable cleavage in the 5Ј-CModification of the hammerhead ribozyme active site methyl-A-1.1 modified hammerhead RNA crystals after 2.5 hr of by replacing the ribose leaving group with tallo-5Ј-Csoaking under the same conditions (bottom trace). The enzyme methyl-ribose on residue 1.1 (Figure 1 ) slows the reacstrand (E) elutes in 15 min, the uncleaved substrate strand (S) elutes tion at the point of bond scission. The rate of substrate just before 20 min, and the 20-mer cleavage product (P) elutes in 25 turnover in the crystal with this modification is reduced min. The 5-mer product cannot be detected using these conditions. Cleavage of the unmodified RNA in the crystal was virtually complete well over 300-fold (Figure 2 ) relative to the cleavage rate within 5 min; a time course within this range indicated an approxiin crystals of the corresponding unmodified hammermate turnover rate in the crystal of 0.4/min Ϯ 0.1/min. In solution head RNA under these conditions. In the presence of under otherwise identical conditions, the turnover rate was deter-50 mM CoCl 2 at pH 8.5, the cleavage rate of the unmodimined to be 0.08/min Ϯ 0.01/min for the unmodified RNA sequence fied hammerhead RNA in the crystal is approximately used for crystallization. Under standard reaction conditions (10 mM 0.4/min: 5-fold faster than in solution under these condiMgCl2, 50 mM Tris at pH 8.5), the turnover rate for this construct is 0.04/min Ϯ 0.01/min. tions and 10-fold faster than under "standard" reaction prior to bond breakage to accumulate at high occupancy isomorphous unmodified hammerhead RNA structure reported previously , and the structure in the crystal under appropriate cleavage conditions. of the (pH 8.5) Co 2ϩ -soaked hammerhead RNA after 30 min was essentially identical to the conformation The Modified Leaving Group Does Not Change the Ground State or Early-Intermediate Structures observed in previous Mg 2ϩ soaking experiments at pH 8.5 . These two structures therefore We tested the effect of the leaving group modification upon the initiation of the hammerhead ribozyme cleavserve as controls (numbers 1 and 2 in Table 1 ) that prove that the presence of the extra methyl group does not age reaction in the crystal. We did so by comparing the crystal structures of the ground state and early interdisrupt the structures of the ground state or early cleavage intermediates of the hammerhead ribozyme, permitmediate determined previously for the unmodified ribozyme with the corresponding ground ting us to argue that the added methyl group does not perturb significantly the initiation step of the reaction. state and early-intermediate crystal structures of the hammerhead ribozyme containing the 5Ј-C-methylribose at the cleavage site.
Capturing a Major Conformational Change at the Cleavage Site Our preliminary experiments using the modified hammerhead RNA crystals at a cleavage-active pH (8.5) indiAlthough the leaving group-modified RNA has the same ground state and early-intermediate structures as obcated that crystals soaked in 50 mM CoCl2 (a divalent metal ion slightly more catalytically active than Mg 2ϩ ) served for the unmodified RNA, the modified RNA subsequently enabled us to capture a later and more inforsurvived for several hours under otherwise identical conditions to those employed in crystal cleavage experimative intermediate structure in the course of the cleavage reaction. After 2.5 hr, the flash-frozen crystal ments previously . We therefore collected data on ground state crystals (control 1 in Table  of hammerhead RNA soaked in Co 2ϩ revealed further and more extensive conformational changes in the posi-1) of the modified RNA (Ϯ100 mM CoCl 2 ) as well as on crystals soaked in an artificial mother liquor containing tions of C-17 and the scissile phosphate of A-1.1 as shown in Figures 3a-3c . The base and ribose of C-17 50 mM CoCl 2 buffered at pH 8.5 for 30 min (control 2 in Table 2) .
have rotated about 60Њ in such a way as to cause the base of C-17 to move over 8.7 Å (as measured by the The ground state structure (both in the absence and presence of Co 2ϩ at pH 6) was indistinguishable from the C-17 exocyclic nitrogen positions) to stack upon A-6 (which remains stacked upon G-5). Additionally, the fubond relative to the ground state structures, creating an "edge-to-face" stacking interaction with U-7. Other ranose oxygen of A-1.1 now stacks upon the base of C-17, and therefore the entire platform of C-17, A-6, and changes include distortion of the A-13-G-8 base pair in such a way that hydrogen bonds between the bases G-5. Movement of the cleavage site base has the effect of inducing a conformational change in the scissile can no longer form (although the interstrand stacking is preserved), and the phosphate of A-9 changes conforphosphate, pulling the phosphate away from its original standard helical geometry, as shown by the difference mation in such a way as to alter potentially its metalbinding environment. It is likely that these more distant Fourier peak for this new phosphate position in Figure  3c . This effect is addressed in the Discussion. conformational changes are induced by those observed near the catalytic pocket, or vice versa. In addition to the major rearrangement of C-17 (and some rotational disorder observed for U-4 in the catalytic pocket of the kinetically trapped hammerhead riboVerification of the Observed Conformational Changes at the Cleavage Site zyme, as seen in Figure 3a) , several other changes take place at locations more distant to the cleavage site. The
The validity of the conformational changes in C-17 and the adjacent scissile phosphate were checked using a most significant of these is at the junction between stem III and the augmented stem II helix (or domain II) where variety of simulated annealing omit difference Fourier procedures. These tests reveal unambiguous difference U-16.1 rotates approximately 70Њ about the glycosyl shown schematically in Figure 4 . Therefore, a very serious objection was raised: How does the structure of the hammerhead ribozyme activate scissile bond cleavage if the scissile phosphate is in a conformation maximally incompatible with the orientation required by the known chemical mechanism? The structural basis of hammerhead ribozyme self-cleavage therefore cannot be addressed merely by examining the ground state structures of the ribozyme. Because of this, we have attempted to understand hammerhead ribozyme catalysis using techniques of time-resolved crystallography that have proven successful for capturing protein enzyme intermediates. The results of our investigation, as conformational change of the C-17 ribose that flips the 2Ј-OH upward toward the scissile phosphate (Figure 3a) , has the effect of preventing the scissile phosphate from electron density for the new position of the base and adopting the standard helical conformation that is found ribose of C-17 (Figure 3b ) and of the scissile phosphate in all of the ground state hammerhead RNA crystal struc- (Figure 3c ) in the kinetically trapped intermediate struc-
tures, due to the geometrical restrictions created by the ture. movement of the cleavage site base and ribose. For this Initially, to verify the conformational changes, both C-17 reason, the scissile phosphate was omitted from the and the adjacent scissile phosphate (the phosphorus initial refinement of the structures shown in Figures 3b and nonbridging oxygens of A-1.1) were omitted from and 3c. This result is especially intriguing in light of the a simulated annealing molecular dynamics refinement fact that the original helical phosphate conformation of the "late"-intermediate data set, using the ground was incompatible with an in-line attack cleavage mechastate crystal structure as the starting point for the refinenism, as summarized in Figure 4 . (The helical phosphate ment. Both the resulting omit-(2F obs Ϫ F calc ) and omitconformation accounts for the relative stability of helical (F obs Ϫ F calc ) maps (Figure 3b ) clearly reveal the position RNA compared to nonhelical regions.) Therefore, any of the nucleotide base and ribose of C-17. These parts conformational change in the phosphate that causes it of the model were then included for a subsequent refineto deviate significantly from the helical conformation will ment, in which the phosphorus and nonbridging oxybe more susceptible to in-line attack, as shown in Figure  gens of A-1.1 were again omitted.
4. The effect of the C-17 conformational change is thereThe position of the omitted scissile phosphorus atom fore to perturb the helical conformation of the scissile was subsequently deduced on the basis of both (Fobs Ϫ phosphate, thus rendering it more susceptible to nuFcalc) and ( cleavage reaction, as may be seen by examining the phosphate position dictated by the difference Fourier Discussion peak shown in Figure 3c . The position of the phosphorus atom is compatible with the geometry required by an The Ground State Hammerhead RNA Structures in-line attack mechanism, although specific details of Do Not Reveal the Cleavage Mechanism the nonbridging phosphate oxygen positions cannot be The ground state structures revealed the architectural resolved unambiguously at 3 Å resolution, as is apparent principles of hammerhead ribozyme folding (Pley et al., from Figure 3c. 1994; Scott et al., 1995) and hinted at a possible catalytic To find the intermediate structure most compatible mechanism (Scott et al., 1995) . In each ground state with the experimental observations without overfitting structure, however, the cleavage site phosphate was the data, the structure was variously refined using a found to be in the standard helical phosphate confor-2Ј,3Ј-cyclic diester phosphate, a 2Ј,3Ј,5Ј-triester oxymation. This conformation is maximally (or 90Њ) out of phosphorane (based on the known geometry of a vanadium transition state analog in which the vanadium is register for an in-line attack cleavage mechanism, as is replaced by phosphorus for the purpose of modeling), located near G-5, a highly conserved residue of the and with a standard A form 3Ј,5Ј-phosphate. Although hammerhead ribozyme catalytic pocket. Common to all the first two structures were compatible with the obthree is a site approximately 2.5 Å from N7 of G-5. Co 2ϩ served electron density and the remainder of the kinetand Zn 2ϩ share a second, apparently outer-sphere coorically trapped RNA structure (Figure 3) ; see ; Feig observed electron density or the remainder of the RNA et al., 1998) . However, Cd 2ϩ binds with a slightly different structure. Gel electrophoresis and HPLC analyses of geometry, making apparent outer-shell contacts with identically treated crystals reveal that the crystallized both G-5 and A-6, placing it closer to the cleavage site RNA has not been cleaved, ruling out the 2Ј,3Ј-cyclic ribose. phosphate as the most accurate model (Figure 2) .
As well as the observed conformational change, the The pentacoordinated phosphate intermediate or 2.5 hr Co 2ϩ soaking experiment revealed one remaining transition state model is consistent with the kinetically Co 2ϩ ion located 2.5 Å from N7 of G-5 as well as clear trapped late conformational intermediate ( Figure 5 ). Aldifference density for a new Co 2ϩ ion located 2.3 Å from though the observed electron density (Figure 3c ) is com-N7 of A-1.1 and near the 5Ј-oxygen leaving group. The patible with the modeled oxyphosphorane intermediate position of the Co 2ϩ ion near the scissile phosphate is model, such a structure cannot be resolved unambigusimilar to a Mg 2ϩ position observed previously (Scott et ously with a 3 Å resolution electron density map. , with the exception that the Mg 2ϩ appeared to indeed extremely unlikely that an evanescent pentamake an inner-sphere contact with the pro-R oxygen of coordinated phosphate intermediate structure could in the scissile phosphate and an outer-sphere contact with fact be captured using these techniques. The structure N7 of A-1.1. Here, Co 2ϩ makes an inner-sphere contact shown in Figure 5 demonstrates that the conformation to A-1.1. This difference may be a function of the hardof the phosphate is geometrically compatible with future ness (Pearson, 1963) the somewhat different conformations of the RNA. In The safest interpretation is therefore that the scissile any case, this divalent metal ion appears to interact with phosphate, though uncleaved, is no longer anywhere the leaving group 5Ј-oxygen of A-1.1, possibly serving near to the ground state conformation that is maximally as a general acid catalyst by donating a proton from incompatible with in-line attack and has therefore been an inner-sphere coordinated water molecule (Steitz and activated by the unambiguous 60Њ rotation and 8.7 Å Steitz, 1993; Uchimaru et al., 1993) . Replacement of translation observed for C-17.
A-1.1 with U leads to an approximate 10-fold increase in hammerhead activity, suggesting that the geometry
Conservation of Stacking Interactions
imposed by direct chelation of a metal ion to the N7 of in the Catalytic Pocket A-1.1 may be suboptimal (Clouet-Dorval and Uhlenbeck, The catalytic pocket conformation changes in such a 1996). way as to preserve the connectivity of stacking interactions as shown in Figures 5a and 5b . In the ground state structure, the base of C-17 stacks upon A-1.1 of stem Concluding Remarks I, and the furanose oxygen of C-17 stacks upon A-6 of The cleavage mechanism that we have extrapolated the catalytic pocket, which in turn stacks upon G-5.
from our experimental results postulates that the most Stacking in the hammerhead RNA ground state strucdramatic conformational changes that occur during the ture, in fact, involves every base except U-4 and U-7. The cleavage reaction are local, being restricted to C-17, the kinetically trapped conformational intermediate strucbackbone of A-1.1, and to a lesser extent, the uridine ture (Figure 5 ), though the product of a large-scale turn and other conserved regions of the hammerhead movement of C-17, preserves the catalytic pocket stackribozyme. Although it may be possible that the crystal ing connectivity. Although the base of C-17 no longer lattice contacts restrain the RNA from making more stacks upon stem I, it now stacks upon A-6, which reglobal conformational changes during and especially mains stacked to G-5. It is now the furanose oxygen of after cleavage (Peracchi et al., 1997) , it must be noted that A-1.1 that stacks upon the base of C-17, thus preserving these crystallographically unobservable global changes the overall connectivity of these stacking interactions would have to be compatible with the results of crossas shown in Figure 5b . The energetics of stacking interlinking experiments that are consistent with the ground actions contributes significantly to stabilizing RNA terstate (crystal) structure of the hammerhead ribozyme tiary structure; therefore, it is not surprising that a conand inconsistent with most major conformational reformational change in the hammerhead RNA structure arrangements (Sigurdsson et al., 1995) . Furthermore, would be constrained in such a way as to conserve results of transient electric birefringence (Amiri and Hagstacking contacts as much as possible. We suggest that erman, 1996) and gel electrophoresis experiments (Bassi conservation of stacking connectivity may be a general et al., 1996, 1997) also suggest lack of a global conforrule that governs which RNA conformational changes mational change during cleavage. Recent NMR eviwill be physically allowed.
dence does, however, suggest an interaction between U-4 and U-7 in the cleaved structure of the hammerhead Positioning of Metal Ions near G-5 RNA (Simorre et al., 1997) , indicating more conformaand the Leaving Group 5-Oxygen tional plasticity ("floppiness") in the cleaved structure Crystals soaked separately in 100 mM Co 2ϩ , Zn 2ϩ , and Cd 2ϩ at pH 6 reveal two sets of metal-binding sites (Hertel et al., 1994) than that observed in the fold of been predicted in molecular dynamics simulations of which diffracted to 2.7 Å ) when maintained at 100 K. The crystals ribozyme cleavage that start with our ground state strucwere soaked in an artificial mother liquor containing 1.8 M Li2SO4, ture (Herman et al., 1997 (Herman et al., , 1998 .
50 mM buffer (either cacodylate buffer at pH 6 or Tris buffer at pH 8.5 as indicated in the first row of Table 1 ) and augmented by the divalent metal ion listed in the first row of Table 1 , as well as 20% Experimental Procedures glycerol. The crystals were soaked for the indicated time period and then flash-frozen in liquid nitrogen and maintained at 100 K with Crystallization and Data Collection an Oxford Cryosystems nitrogen cooling system. Synchrotron data The use of chemically synthesized RNA (Wincott et al., 1995) was were collected at Brookhaven beamline X12C using a custom-built essential to incorporate specifically the modified nucleotide into CCD detector as indicated in Table 1 . The data were processed crystals of the hammerhead ribozyme. We grew the crystals using using Denzo (Otwinowski and Minor, 1997) as well as the CCP4 established conditions from 1 mM hammerhead RNA in 1.8 M Li 2SO4, 50 mM sodium cacodylate (pH 6) and 1.5 mM crystallographic computing package (CCP4, 1994).
Refinement of Structures
5Ј-C-methyl-D-allo-and L-tallo-ribonucleoside 3Ј-O-phosphoramidites and their incorporation into hammerhead ribozymes. NucleoThe structures were refined using X-PLOR 3.1 (Brü nger, 1993), emsides Nucleotides 14, 901-905. ploying ideal nucleic acid parameters (Parkinson et al., 1996) weighted against the observed electron density. The previously pubBolduc, J.M., Dyer, D.H., Scott, W.G., Singer, P., Sweet, R.M., Koshlished crystal structure of an unmodified ground state hammerhead land, Jr., D.E., and Stoddard, B.L. (1995) . Mutagenesis and laue RNA of identical sequence and crystal form was structures of enzyme intermediates: isocitrate dehydrogenase. Sciused as a starting model for all of the refinements. The model buildence 268, 1312-1317. ing was performed using the graphics display program O (Jones Brown, R.S., Dewan, J.C., and Klug, A. (1985) . Crystallographic and and Kjeldgaard, 1997) (1993) . X-PLOR 3.1: A System for Crystallography and nonbridging phosphate oxygens from the refinement in order to NMR (New Haven, CT: Yale University Press). avoid model biasing. Upon completion of this refinement, it apClouet-Dorval, B., and Uhlenbeck, O.C. (1996) . Kinetic characterizapeared that a large-scale conformational change in C-17 had taken tion of two I/II format hammerhead ribozymes. RNA 2, 483-491. place. The new conformation of C-17 was confirmed by repeating Collaborative Computational Project, Number 4 (CCP4) (1994) . The the refinement using three different simulated annealing trajectories CCP4 suite: programs for protein crystallography. Acta Crystallogr. while omitting C-17 and the scissile phosphate from the calculation, D50, 760-763. again using the ground state structure as a starting model for the refinement. A representative simulated annealing omit map (Read, Dahm, S., and Uhlenbeck, O.C. (1991) . Role of divalent metal ions 1986; Hodel et al., 1992 ) is shown in Figure 3b , revealing clear in the hammerhead RNA cleavage reaction. Biochemistry 30, 9464-difference density for the new position of C-17.
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